Abstract It has been proposed that erythrocytes, infected by one male and one female gametocyte, enhance malaria transmission by lowering encounter time between male and female gametes once inside the mosquito vector. This may have important implications if they occur in human Plasmodium infections. Double gametocyte infections (DGIs) have been found in Plasmodium cultures, but it is thought that they are an artefact due to the artificially high crowding of cultures. Here, we studied gametocyte density and DGI occurrence in Haemoproteus columbae infecting feral pigeons (Columba livia), to determine if crowding is the key factor producing DGIs. We demonstrate that DGIs are not a spurious phenomenon or an artefact of crowding, but occur in any gametocyte density in a proportion a bit higher than that expected by a Poisson distribution.
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One difficulty in the transmission of the malaria parasite between humans is the male-female parasite encounter inside the mosquito vector (Taylor and Read 1997) . A recent hypothesis states that male-female gametocyte infections within single human erythrocytes may make transmission easier (Jovani 2002) . Double gametocyte infections (DGIs) are known to occur in many bird and reptile species (Jovani et al. 2004) . However, as far as we know, DGIs have never been reported in in vivo Plasmodium human infections, but are common in in vitro cultures (Taverne 2000; Jovani 2002 ). Our hypothesis is that this is a matter of gametocyte density. That is, that in Plasmodium cultures or in bird and reptile Apicomplexan parasites, DGIs are more abundant simply because the abundance of gametocytes in the bloodstream is much higher than in in vivo Plasmodium human infections. Alternatively, and this is commonly believed, DGIs may be an in vitro artefact due to an artificially high gametocyte crowding, thus having no biological relevance. The ideal test of this hypothesis would have been to study the relationship between gametocyte and DGI density in in vivo human infections. However, due to the low density of gametocytes in human infections, the direct study of DGIs in humans is impossible on statistical grounds. Here, we took advantage of the high variation in in vivo densities of gametocytes of H. columbae, to validate these two contrasting hypotheses. H. columbae have a simple cycle. Asexual forms occur in the lung cells of pigeons, and sexual stages (male and female gametocytes) are liberated in the bloodstream and invade erythrocytes. Consequently, only gametocytes are found in the bloodstream. After a suitable vector bites a pigeon, gametocytes emerge from the erythrocytes inside the vector midgut and produce one female gamete or some male gametes. Male gametes search for female gametes and produce a zygote after fecundation. The cycle is finished when the same vector bites another pigeon injecting, at the same time, sporozoites (Sol et al. 2003) .
We tested our hypothesis by examining 12 Giemsastained blood smears obtained from four free-living feral pigeons, C. livia, in Barcelona (NE Spain) at three different times throughout the course of natural infections (see Sol et al. 2003 for general methodology). The first sampling of each pigeon was done in July 1998 and the last sampling occurred in December 1998. The density of gametocytes was calculated as the ratio gametocytes/ erythrocytes in ten randomly selected microscopic fields at ·1,000 magnification. To ensure high precision of both the gametocyte detection and erythrocyte count, we searched for gametocytes directly on the microscopy and we counted erythrocytes one by one from digital photographs taken from the same microscopic fields (range: 2,624-3,881 erythrocytes per blood smear). The proportion of DGIs on each blood smear was estimated as the ratio number of DGIs/number of infected erythrocytes in 500-705 infected erythrocytes from each sample. Microscopic fields were screened exhaustively to be sure of obtaining accurate DGI proportions because DGIs could be more conspicuous than singly infected erythrocytes.
Rather than simply analysing the relationship between gametocyte and DGI density, we wanted to know more about how DGIs are produced. The Poisson distribution was useful for working towards this goal. In our case, this statistical distribution predicts the number of DGIs to be expected for a given gametocyte density if different parasite entries into erythrocytes are independent of one another, and if infection probability is independent of erythrocyte location in the blood system (i.e. a random process; Simpson et al. 1999) . Consequently, we could expect that the DGIs would be found in numbers predicted by the Poisson distribution (random occurrence), but also lower (i.e. parasites avoid already infected erythrocytes) and higher numbers (i.e. parasites prefer to enter already infected erythrocytes or erythrocyte infection probability is not equal in space or among different erythrocyte ages). We calculated the number of expected DGIs according to a Poisson distribution following the detailed explanation of the calculus provided by Simpson et al. (1999) .
DGIs were detected in all the samples although in different numbers (range 1-209 DGIs). As predicted by our hypothesis, there was a positive correlation between the proportion of DGIs and the density of gametocytes in the sample. Moreover, the Poisson distribution was a good approach to the real abundance of DGIs, although many of the samples showed a higher proportion of DGIs than that expected by the Poisson distribution (Fig. 1) . Since different gametocyte densities were studied from the same individuals, our results could not be the result of particularities of the host-parasite system under study. Increases in gametocyte density within a given pigeon correlated with an increase of DGI proportion (Fig. 1) .
The DGIs do not appear to be the result of crowding, but occur in any density of gametocytes. Therefore, the hypothesis that DGIs are an in vitro artefact due to high parasite crowding can be rejected. The fact that many of the samples had DGIs in proportions higher than that expected under a Poisson distribution suggests that it is not a random pattern. However, this does not mean that parasites actively search for already parasitised erythrocytes. Another more plausible explanation of this pattern is that the probability of erythrocyte invasion is higher in the lungs of the pigeon (i.e. contrary to the assumption of equal probability throughout the bloodstream), or that different developmental stages of erythrocytes are more prone to be infected than others (i.e. contrary to the assumption that all erythrocytes are equally susceptible to infection). Similarly, in Plasmodium parasite species that infect both human and nonhuman hosts, multiple asexual parasite infections inside single erythrocytes have also been found to be common and occur often in higher proportions than expected by chance (Simpson et al. 1999) . This suggests that DGIs may also occur in a similar manner in in vivo human Plasmodium infections. However, DGIs are difficult to detect due to the low proportion (but not absolute number) of erythrocytes infected by gametocytes in these infections (Taylor and Read 1997) .
These results are especially interesting for two reasons. First, the importance of DGIs lies in their potential to influence the rate of transmission of the parasite between hosts (Jovani 2002 ). This potential is predicted to be particularly significant when gametocyte densities in the host are relatively low, like in humans (Taylor and Read 1997) , because encounter time between male and female gametes will on average be lower for gametes emerging from a male-female DGI than for those from singly infected erythrocytes (Jovani 2002) . Second, our results suggest that a Poisson distribution is a powerful (and conservative) model to predict the abundance of DGIs in human Plasmodium infections having only knowledge of the density of gametocytes. Thus, it could be possible to calculate the sample size needed to detect DGIs, opening a quantitative chapter on the study of the hypothesised (Jovani 2002 ) effect of DGIs in parasite transmission. 
